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The superfluid mixture of interacting Bose and Fermi species is a remarkable many-body quantum 
system. Dilute degenerate atomic gases, especially for two species of distinct masses, are excellent 
candidates for exploring fundamental features of superfluid mixture. However, producing a 
mass-imbalance Bose-Fermi superfluid mixture, providing an unambiguous visual proof of 
two-species superfluidity and probing inter-species interaction effects remain challenging. Here, we 
report the realization of a two-species superfluid of lithium-6 and potassium-41. By rotating the 
dilute gases, we observe the simultaneous existence of vortex lattices in both species, and thus 
present a definitive visual evidence for the simultaneous superfluidity of the two species. 
Pronounced effects of the inter-species interaction are demonstrated through a series of precision 
measurements on the formation and decay of two-species vortices. Our system provides a new 
platform for studying novel macroscopic quantum phenomena in vortex matter of interacting 
species.  
I. Introduction 
Superfluidity is one of the most intriguing macroscopic quantum phenomena manifesting itself in 
various fascinating effects, such as dissipationless flow via obstacles [1, 2], quantized vortices [3], 
and metastable persistent currents [4]. Quantized vortices, topological defects of quantized angular 
momentum [5], are a direct consequence of macroscopic superfluid wavefunction. In a superfluid, 
these vortices crystallize an Abrikosov lattice pattern [6] that minimizes vortex-vortex interaction. 
After the celebrated experimental realization of Bose-Einstein condensate [7, 8] (BEC), a series of 
studies were immediately devoted to creating vortices in BECs [9-11]. Several theoretical works 
emphasize that vortex lattices, directly visualizable in experiment, can serve as a conclusive 
evidence of superfluidity [12, 13]. For a dilute fermionic 6Li gas, such a definite visual evidence of 
superfluidity has been presented by the observation of vortex lattices [14]. Tremendous theoretical 
and experimental efforts have been devoted to understanding the behaviors of quantized vortices in 
BEC and quantum degenerate Fermi gases [14-19]. These studies have yielded a wealth of 
information and insights into diverse superfluid phenomena. 
A superfluid mixture, where both components are superfluid, is a longstanding research topic in 
quantum physics. A mixture of bosonic 4He and fermionic 3He superfluid is predicted to exhibit 
either s-wave or topological p-wave Cooper pairs in the 3He component [20]. However, superfluid 
transition in the 3He component has not been detected even when the helium mixtures have been 
cooled down to about 100 μK [21]. In cold atom physics, it is now possible to experimentally 
produce mixtures of degenerate bosonic and fermionic dilute gases [22-24]. Very recently, a 
significant progress [25] was made in a mixture of two lithium isotopes—6Li and 7Li, where the 
evidence of double superfluidity was provided by the occurrence of 7Li BEC and the density-profile 
difference of the two imbalanced 6Li spins. Further experimental studies on collective oscillations 
[25] and counterflowing dynamics [26] are consistent with theoretical predictions [27, 28]. 
However, the demonstration of two-species vortices, which not only provides a conclusive 
evidence of double superfluidity, but also gives more insights into fundamental properties of double 
superfluid, is still unavailable. It is thus an important and demanding task to observe the 
simultaneous existence of vortex lattices in the two superfluids, and further to study their rich 
behaviors arising from vortex-vortex interactions. 
Moreover, in contrast to a double superfluid of the two isotopes, a double superfluid of two 
distinct species, if experimentally realized, may exhibit more pronounced interaction effects due to 
large mass-imbalance [29, 30]. These Bose-Fermi interactions, without which a double superfluid is 
just of two independent superfluids, play an essential role in the emergence of many fascinating 
quantum phenomena [31], including Bose-Fermi dark-bright solitons [32], and polaronic 
atom-trimer continuity [33] etc. The two-species superfluid of dilute atomic gases can also provide 
a powerful tool for simulating real materials and beyond—e.g., dense quantum chromodynamics 
matter [34]. However, due to the mass imbalance, producing a two-species Bose-Fermi superfluid 
remains challenging. 
  Here we report on the generation of a two-species superfluid of fermionic 6Li and bosonic 41K 
atoms in an optical dipole trap, which have a mass ratio of about seven. Moreover, we overcome 
several technical challenges and produce a double-vortex matter in which both superfluid 
components simultaneously exhibit vortex lattices. Finally, a series of precise measurements on the 
formation and decay of the two-species vortices reveal pronounced effects of the inter-species 
interaction. We also stress that the vortex-vortex and the inter-species interactions may induce 
many unconventional behaviors in such a vortex matter of interacting species, remaining to be 
explored both theoretically and experimentally. 
Producing a two-species superfluid of 6Li and 41K atoms (2SLi-K) and simultaneously creating 
vortex lattices in both species represent various significant technical challenges. Firstly, due to the 
unresolved D2 excited hyperfine structure of both 6Li and 41K atoms, the conventional sub-Doppler 
cooling techniques become ineffective [35, 36]. We adopt an advanced laser-cooling scheme, where 
a sub-Doppler cooling in gray molasses is implemented for 41K while a near-detuned Doppler 
cooling is applied for 6Li. In addition, a two-stage evaporative cooling strategy is employed where 
6Li is first sympathetically cooled by 41K in the optically-plugged magnetic trap and then 41K is 
sympathetically cooled by 6Li in the optical dipole trap. Such an evaporation cooling procedure is 
essential to generate a 2SLi-K with both large atom numbers and tunable atomic ratio. Secondly, the 
large mass-imbalance can induce inhomogeneous spatial overlap or even separation of the two 
superfluids due to the gravitational sag [37]. We utilize a disk-like optical dipole trap to confine the 
cloud, where two elliptical laser beams with an aspect ratio of 4:1 are crossed perpendicularly (See 
Fig. 1b). The spatial overlap of the two superfluids is obtained due to the high trapping frequency 
in the gravity direction. Meanwhile, the disk-like trap provides a considerable large trap volume 
and relatively low geometric mean trapping frequency, enabling a large production and long 
lifetime of 2SLi-K. More importantly, the trap exhibits a homogeneous trapping potential and a 
rotational symmetry along the z direction, crucial for the simultaneous nucleation of vortices. In 
comparison with the standard single- or crossed-beam dipole traps, the disk-like trap is unique that 
it simultaneously enjoys the aforementioned advantages. In short, owing to the exquisite control of 
evaporation process and the unique design of the disk-like trap, we not only produce a large 
two-species superfluid as well as two-species vortex lattices, but also have a wide range of tunable 
parameters. 
II. Two-species Bose-Fermi superfluid 
Our first goal is to produce a two-species Bose-Fermi superfluid. After the laser cooling phase, the 
cold gas mixture is magnetically transported to a dodecagonal glass-cell of good optical access and 
ultra-high vacuum environment (see Fig. 1a). The first-stage evaporative cooling is applied to 41K 
in an optically-plugged magnetic trap by driving FF=2 m =2，  to FF=1 m =1，  transition of 
41K, while 6Li is cooled sympathetically. By optimizing the radio-frequency (RF), we achieve a 
near-degenerate mixture of 5×107 6Li and 1×107 41K atoms. Then, the mixture is transferred into a 
cigar-shaped dipole trap (wavelength 1064 nm, 1/e2 radius 35 μm and maximum laser power 10 W), 
followed by two Landau-Zener sweeps which immediately prepare both species at their lowest  
 Figure 1 | Sketch of experimental set-up (a) and specially designed disk-like trap (b). a, An elliptical beam (light 
red) is superimposed with a Gaussian beam (blue) by a polarizing beam splitter, and then crossed with another elliptical 
beam (light red) at 90°. The dichromatic imaging beams are used for simultaneous absorption imaging of 6Li (green) 
and 41K (orange) atoms along the z axis. The imaging beams after a beam splitter are respectively filtered by 671 nm 
and 767 nm bandpass filters, and then detected by the 6Li and 41K EMCCD cameras. An additional EMCCD camera is 
used for imaging the two species along x' axis. b, Two elliptical Gaussian beams (light red) with an aspect ratio of 4:1 
are crossed perpendicularly, forming a disk-like optical potential. The 6Li and 41K clouds are denoted by purple and red 
ellipsoid. They are rotated by two laser beams (green) with a wavelength of 532 nm for the creation of vortices. The 
contour plots represent cross-sections of the trapping potential in the xz and xy planes, respectively. The grayscale 
image shows a simulated density distribution of the two-species superfluid in the yz plane at the experimental trap 
geometry.  
hyperfine states, labeled Li1  and K1 . Next, a half-to-half spin mixture of the two lowest 
hyperfine states of 6Li is prepared by using successive RF sweeps at a magnetic field of 870 G [38]. 
At this field, the background scattering length of 41K is 60.5a0 (a0 is the Bohr radius) and that of 
6Li-41K is 60.7a0 [39, 40]. The spin mixture of 6Li is located at the Bardeen-Cooper-Schrieffer 
(BCS) side of Feshbach resonance41 (scattering length -12580a0). Due to the unitary limited 
collisional rate between fermionic spins, the forced evaporative cooling of 6Li is rather efficient and 
41K is sympathetically cooled.  
After 0.5s of evaporation, a disk-like trap (wavelength 1064 nm, maximum laser power of each 
beam 1.1 W, 1/e2 axial (radial) radius 48 μm (200 μm)) is turned on slowly while the laser power of 
the cigar-shaped trap is ramped down in 0.3 s. Subsequent evaporation is achieved by exponentially 
lowering the laser intensity to 120 mW in 2 s. At the end of evaporation, the trap is held for 1 s to 
ensure fully thermal equilibrium between both species. The axial trap frequency of 6Li (41K) is 237 
Hz (85 Hz), which is strong enough to attain a complete overlap of two superfluids (see Fig. 1b). 
The horizontal confinement is provided by the combination of magnetic curvature and optical 
dipole trap, resulting in a radial trap frequency of 40 Hz (20 Hz) for 6Li (41K). The spatial overlap is 
checked by imaging along the x' axis (Fig. 1a). Further, a specially designed imaging setup along 
the z axis is employed to simultaneously probe the two species (Fig. 1a). An imaging resolution of 
2.2 μm (2.5 μm) at 671 nm (767 nm) is gained by a high numerical aperture objective, which is 
very important for observing vortices.  
A two-species Bose-Fermi superfluid is finally achieved at 870 G with more than 1.8×105 41K 
atoms in a BEC (condensate fraction ≥90%) and 1.5×106 6Li atoms at 7% Fermi temperature [25]. 
The Thomas-Fermi radii of the 41K component are about 5.5 μm axially and 22.3 μm radially, and 
the 6Li component has a Fermi radii of about 21 μm axially and 121 μm radially. The superfluid 
mixture is very stable, with a 1/e lifetime 12.0±0.7	s for 41K and 19±1	s for 6Li. Figure 2 shows a 
series of in-situ images, in which the magnetic field is varied and thus the ultracold spin mixture of 
6Li experiences a crossover from a molecular BEC [42] to a BCS superfluid [43]. It can be seen 
that the radius of the 6Li cloud increases gradually from the BEC to the BCS side, while the 41K 
cloud size remains unchanged. The geometric centers of the two species are perfectly overlapped in 
the xy plane, and a full overlap in the gravity direction is also achieved (see Fig. 2). The disk-like 
trap exhibits an approximate rotational symmetry along the z axis in the center, as shown by the 
nearly circular shape of the 41K component. The squared shape formed by the edges of the 6Li 
superfluid
to intrigu
Figure 2 | 
respectivel
as the mag
momentum
magnetic f
imaging. E
cycles (top
in the 6Li s
Rotationa
superfluid
elliptical 
trap cent
symmetry
A two-ax
two-beam
frequency
might inh
 reflects an
ing vortex s
In-situ imag
y show the in
netic field is 
 of 1 k୊⁄ ൎ
ield to the de
ach picture is
) or simultane
uperfluid clou
l symmetry
. In exper
beams with
er with resp
 axis (see F
is acousto-
 pattern w
 [10]. Nev
ibit format
 imperfect
tructures.  
es of two-spe
tegrated optic
varied from 
0.26 μm. To 
sired value (f
 obtained by c
ously in a sin
d. The viewin
 is an imp
iment, we u
 minimum 
ect to the 
ig. 1b) by 
optic defle
ith tunabl
ertheless, t
ion of 6Li 
ion of the r
cies Bose-Fe
al density dist
the BEC to t
take an in-si
rom 762 G to
arefully supe
gle cycle (bot
g scope of top
III. Observ
ortant ingr
tilize two 
optical aber
saddle poin
a blue-detun
ctor is used
e separatio
he imperfe
vortices. An
otational sy
rmi superflu
ributions of t
he BCS side 
tu image, we
 900 G) in 1
rimposing two
tom). It is see
 (bottom) im
ation of vo
edient for g
custom-des
rations. Fu
t of magne
ed laser be
 to regulat
n is rotat
ction of lar
other chal
mmetry in 
id of 41K an
he two-specie
of the 6Li. Th
 prepare the 
00 ms, and h
 images that 
n that the 41K
ages is 416×2
rtex lattice
enerating v
igned anam
rther, specia
tic curvatu
am (wavele
e the motio
ed symmet
ge-scale ro
lenge come
a larger sca
d 6Li. The to
s superfluid a
e 6Li compo
superfluid m
old the trap 
are taken sepa
 superfluid (br
08 μm2 (416×
s 
ortices, es
orphic pri
l effort is d
re. The clo
ngth 532 n
n of the s
rically wit
tational sym
s from prob
le, but mig
p- and bottom
long the x' an
nent has an i
ixture at 870 
for another 1
rately in two 
ight region) i
416 μm2). 
pecially for
sm pairs to
evoted to a
ud is rotate
m, 1/e2 radi
tirring beam
h a variab
metry in 
ing vortice
ht give rise 
-row images 
d z direction, 
nverse Fermi 
G, ramp the 
00 ms before 
experimental 
s fully buried 
 fermionic 
 create the 
ligning the 
d about its 
us 19 μm). 
, where a 
le angular 
our system 
s of either 
 
species, 
bending 
experienc
We fir
superfluid
to stir the
adiabatic
suddenly
3 ms of e
for anoth
resonantl
obtained 
regular la
the boson
vortices w
Figure 3 | 
and c, 41K
two-dimen
In the 
for which 
and image 
es an exact
st produce
 at 870 G, 
 cloud wit
ally turned 
 switched o
xpansion th
er 17 ms at 
y excites at
(Fig. 3a), w
ttice of 21 
ic 41K sup
ith a visibi
Vortex lattice
 vortices at 
sional images
two-species
slow axial 
blurring. U
ly opposite
 vortex la
the rotating
h a frequen
off, and th
ff and the c
e magnetic
this field. A
oms in stat
ith a nearly
vortices is 
erfluid at 
lity about 7
s in single-sp
870 G. The
 below. In all 
 superfluid
and rapid 
nfortunately
 condition.
ttices for t
 beams (las
cy of 26 H
e trap is he
loud is expa
 field is rap
 molecular
e Li1  [44
 60% visib
also observ
870 G, we
0% (Fig. 3c
ecies superfl
 curves show
the three case
, nucleation
radial exp
, the expan
 
he single-s
er power 2
z during th
ld for 2 s.
nded in the
idly ramped
 absorption
]. A clear A
ility of the 
ed (Fig. 3b
 gain a hig
).  
uids. a, 6Li vo
 the integra
s, the triangul
 of vortex l
ansions are
sion of ato
pecies sup
 mW, beam
e last seco
To probe v
 residual m
 to 740 G, 
 imaging is
brikosov la
vortex core
) in the mo
hly ordere
rtices at 870 
ted density p
ar-lattice geom
attices is m
 preferred 
ms confine
erfluids. F
 separation 
nd of evapo
ortices [14
agnetic curv
and the clo
 then taken,
ttice pattern
. By using 
lecular BEC
d triangular
 
G (BCS), b, 6
rofiles of 11
etry is clearl
ore comple
to avoid v
d in the dis
or the ferm
76 μm) are
ration. The
], the disk-
ature. Duri
ud is furthe
 where the 
6 of 19 6Li
the same p
 of 6Li at 
 lattice pat
Li vortices at 
μm-wide-cut
y observed. 
x, arising fr
ortex-core 
k-like trap 
ionic 6Li 
 ramped up 
y are then 
like trap is 
ng the first 
r expanded
probe laser 
 vortices is 
rocedure, a
762 G. For 
tern of 20 
762 G (BEC)
 through the 
om several 
, 
factors li
optimal s
differenc
paramete
mixture 
evaporati
then simu
A serie
(beam sep
two-spec
symmetri
vortices 
trapping 
of 14 41K
Figure 4 | 
two images
(a, d) is for
Hz), and (c
ke the inte
tirring para
e in size, de
rs and succ
is prepared
on, and the
ltaneously 
s of highly
aration, ro
ies vortex 
c 6Li vorti
survive in 
force for 41K
 vortices, re
Vortex lattice
 in each colu
 (beam separ
, f) for (76 μm
r-species in
meters for t
nsity and t
essfully fin
 at magnet
n equilibra
performed.
 visible two
tating frequ
lattice, con
ces. A regu
a small 41K
. Figures 4
spectively. 
s in two-spec
mn, taken sim
ation 28 μm, l
, 1.5 mW, 22
teraction a
he bosonic
rap frequen
d feasible o
ic field 87
ted for ano
  
-species vo
ency and st
sisting of a
lar lattice o
 condensa
b and 4e co
ies superflui
ultaneously in
aser power 0.
 Hz). 
nd the var
 and fermio
cy. We exp
nes. For cr
0 G. The 
ther 2 s. Ab
rtex lattices
irring-laser
n ordered
f 6 6Li vo
te (Fig. 4f)
ntain a diam
d. The top (bo
 an experime
75 mW, rotat
iation of p
nic compon
lore a wide 
eation of tw
cloud is ro
sorption im
 are observ
 power) are
triangular 
rtices is als
, due to a
ond of 4 6
ttom) images
ntal cycle, ar
ing frequency
opulation r
ents are ra
range of co
o-species v
tated durin
aging for 
ed (Fig. 4),
 varied. Fig
lattice of 2
o obtained
significantl
Li vortices 
 are for the 6L
e for the same
 26 Hz), (b, e
atio. Furthe
ther distinct
mbinations
ortices, the
g the last 
6Li and 41K
 as stirring 
ures 4a and
0 41K vort
 (Fig. 4c), 
y weakene
and a triang
i (41K) compo
 set of stirrin
) for (52 μm, 
rmore, the
 due to the 
 of stirring 
 superfluid 
600 ms of 
 atoms are 
parameters 
 4d show a 
ices and 2 
but only 4 
d effective 
ular lattice 
nent, and the 
g parameters. 
0.75 mW, 18 
The ob
superfluid
formation
peculiar s
inter-spec
interestin
Figure 5 
parameters
superfluid 
margin bei
black (open
(open blue
frequency i
horizontal 
from the dr
In a supe
alter the 
served vo
 mixture 
 of vortex
tate of Bos
ies interac
g phase tran
| Comparison
, three compa
of 6Li or 41K. 
ng calculated.
 orange) squa
) circles on t
s varied. Opti
axis, filled w
amatic differe
rfluid mixt
density pr
rtex lattice
of two dr
 lattices in
e-Fermi do
tions, the 
sitions. 
 of vortex n
rison experim
Vortex numb
 The numbers
res and plotte
he bottom ro
mal frequenci
ith the same c
nce of the 6Li
IV. For
ure of the t
ofiles, the
s confirm 
amatically 
 both com
uble superf
general st
umbers in 
ents are respe
er is counted a
 of 6Li vortic
d on the top r
w. For each 
es for creatin
olor of the d
 vortex numb
mation and
wo lithium
 Bose-Ferm
the advant
distinct sp
ponents pr
luidity. It is
ructure of 
single- and t
ctively perfor
nd statisticall
es in the two-
ow; the 41K v
column of pl
g a maximal n
ata points. Th
ers (top row),
 decay of t
 isotopes, i
i interacti
ages of the
ecies. Mor
ovides a d
 also noted 
two-specie
wo-species s
med for the su
y averaged ov
 (single-) spec
ortex number
ots, the beam
umber of vor
e inter-specie
 over a wide r
wo-species
t is observe
on affects
 disk-like 
e importan
efinitive vi
that depend
s vortex 
uperfluids. F
perfluid mix
er 10 measur
ies superfluid
s are analogou
 separation i
tices are indic
s interaction 
ange of rotati
 vortices
d [25] that
the collect
trap in th
tly, the sim
sual eviden
ing on the 
lattices ma
or a given s
ture, and the s
ements with s
s are denoted
sly shown as
s fixed, while
ated by the tri
effects can be
on frequency.
 although to
ive dynam
e study of 
ultaneous 
ce for the 
strength of 
y undergo 
et of stirring 
ingle-species 
tandard error 
 by the filled 
 the filled red 
 the rotation 
angles on the 
 clearly seen 
  
o weak to 
ics of the 
system—e.g., inducing a beating behavior in the dipole-oscillation of the bosonic component. In 
our system, the masses of the 41K and 6Li atoms are sufficiently imbalanced, and thus the 
Bose-Fermi and Bose-Bose couplings are significantly different. As theoretically predicted [30,45], 
we observe that the repelling from the 41K superfluid component leads to a density-profile 
depression in the center of the 6Li component. Such an alternation is also clearly seen in the 
presence of vortices (Figs. 4a and 4b). This implies that the inter-species interaction might play an 
important role in our system—e.g., on the formation and decay of vortex lattices. 
We perform a series of comparison experiments on the formation of vortices, in which the same 
set of stirring parameters (stirring time 0.6 s, equilibrium time 2 s, laser power 0.75 mW) is 
respectively applied to the two-species superfluid as well as the single-species superfluid of 6Li or 
41K. Furthermore, by adjusting the loading parameters, we also make sure that the temperature and 
the atom numbers of 6Li and 41K are approximately identical in the single- and the two-species 
superfluids. Precision measurements are carried out for the average numbers of vortices as a 
function of rotating frequency. Figure 5 shows four sets of experimental results for different beam 
separations. 
Pronounced effects of the Bose-Fermi coupling are revealed, particularly from the comparison of 
6Li vortex numbers (the top row of Fig. 5). Strikingly, in the two-species superfluid the 6Li vortex 
number is greatly increased and the range of vortex-generation rotating frequency is largely 
widened. For some ranges of stirring parameters (e.g., 64 um of beam separation and 46 Hz of 
rotating frequency), no vortex can be formed in the single-species superfluid of 6Li or 41K, but in 
the two-species superfluid, the 6Li vortices are unexpectedly created while the 41K vortex is still 
absent. In addition, we observe that as beam separation is increased, the optimal rotating frequency 
corresponding to a maximal number of 6Li vortices has a spectacular downshift (from 28 Hz to 22 
Hz) in the two-species superfluid while it remains unchanged in the single-species superfluid. 
These behaviors strongly show that the 41K component acts as an important role in the formation 
and behavior of 6Li vortices in the two-species superfluid. The coupling effect on generating 41K 
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parameters, the average numbers of 6Li (41K) vortices are initialized to be nearly the same in the 
single- and two-species superfluids. Figure 6 shows the results of the initial vortex numbers 
(2.8±0.2, 19.5±0.5) for 6Li and 41K. Impressively, the 6Li vortices seem more stable in the 
two-species superfluid than in the single-species superfluid, with a 1/e lifetime τ2=4.7±0.5 s twice 
longer than τ1=2.1±0.2 s. In contrast, the 41K vortex lifetimes are τ2=6.9±0.5 s for the superfluid 
mixture and τ1=9.1±0.6 s for the single-species superfluid. Again, we argue that this behavior 
might be attributed to the possible angular-momentum transfer between the two species in the 
superfluid mixture.  
V. Conclusion 
We have employed a combination of state-of-the-art techniques, including advanced laser-cooling 
scheme and specially designed disk-like optical trap etc., and produced a two-species Bose-Fermi 
superfluid. Our work represents an important progress in experimentally realizing a superfluid 
mixture of two distinct species, a long-standing goal in cold-atom physics. According to our 
knowledge, the obtained superfluid mixture is also the largest one, containing more than 1.8×105 
41K atoms and 1.5×106 6Li atoms. Vortex lattices—quantized topological excitations of 
superfluid—are successfully generated and directly visualized in both the single- and the 
two-species superfluids. The large mass-imbalance of 41K and 6Li may lead to pronounced effects 
of inter-species interaction, which are clearly revealed in the formation and decay of two-species 
vortices and request deep theoretical understandings. With a wide range of tunable parameters like 
population ratio of two species, magnetic field controlling the BEC-BCS crossover and stirring 
parameters, many static and dynamic properties of such Bose-Fermi superfluid mixtures can be 
explored, particularly those due to inter-species coupling, vortex-vortex interaction, and their 
interplay. 
 
 
Reference 
1. C. Ramanm, et al., Phys. Rev. Lett., 83, 2502 (1999). 
2. R. Onofrio, et al., Phys. Rev. Lett., 85, 2228 (2000). 
3. M. M. Salomaa, G. E. Volovik, Rev. Mod. Phys., 59, 533 (1987). 
4. S. Beattie, S. Moulder, R. J. Fletcher, Z. Hadzibabic, Phys. Rev. Lett., 110, 025301 (2013).  
5. E. M. Lifshitz, L. P. Pitaevskii, Statistical Physics, Part 2 (Pergamon, Oxford, 1980). 
6. A. A. Abrikosov, Sov. Phys. JETP, 5, 1174 (1957). 
7. M. H. Anderson, et al., Science, 269, 198 (1995). 
8. K. B. Davis, et al., Phys. Rev. Lett., 75, 3969 (1995). 
9. M. R. Matthews, et al., Phys. Rev. Lett., 83, 2498 (1999). 
10. K. W. Madison, F. Chevy, W. Wohlleben, J. Dalibard, Phys. Rev. Lett., 84, 806 (2000). 
11. J. R. Abo-Shaeer, C. Raman, J. M. Vogels, W. Ketterle, Science, 292, 476 (2001). 
12. M. Rodriguez, G. S. Paraoanu, P. Törmä, Phys. Rev. Lett., 87, 100402 (2001). 
13. L. Pitaevskii, S. Stringari, Science, 298, 2144 (2002). 
14. M. W. Zwierlein, J. R. Abo-Shaeer, A. Schirotzek, C. H. Schunck, W. Ketterle, Nature, 435, 1047 (2005). 
15. I. Coddington, P. Engels, V. Schweikhard, E. A. Cornell, Phys. Rev. Lett., 91, 100402 (2003). 
16. D. V. Freilich, D. M. Bianchi, A. M. Kaufman, T. K. Langin, D. S. Hall, Science, 329, 1182 (2010). 
17. A. L. Fetter, Rev. Mod. Phys., 81, 647 (2009). 
18. M. W. Zwierlein, A. Schirotzek, C. H. Schunck, W. Ketterle, Science, 311, 492 (2006). 
19. S. Giorgini, L. P. Pitaevskii, S. Stringari, Rev. Mod. Phys., 80, 1215 (2008). 
20. J. Rysti, J. Tuoriniemi, A. Salmela, Phys. Rev. B, 85, 134529 (2012). 
21. J. Tuoriniemi, et al., Journal of Low Temperature Physics, 129, 531 (2002). 
22. Z. Hadzibabic, et al., Phys. Rev. Lett., 88, 160401 (2002). 
23. C. Silber, et al., Phys. Rev. Lett., 95, 170408 (2005). 
24. J. Goldwin, et al., Phys. Rev. A, 70, 021601 (2004). 
25. I. Ferrier-Barbut, et al., Science, 345, 1035 (2014). 
26. M. Delehaye, et al., Phys. Rev. Lett., 115, 265303 (2015). 
27. W. Zheng, H. Zhai, Phys. Rev. Lett., 113, 265304 (2014). 
28. M. Abad, A. Recati, S. Stringari, F. Chevy, The European physical Journal D, 69, 126 (2015). 
29. R. Zhang, W. Zhang, H. Zhai, P. Zhang, Phys. Rev. A, 90, 063614 (2014). 
30. T. Ozawa, A. Recati, M. Delehaye, F. Chevy, S. Stringari, Phys. Rev. A, 90, 043608 (2014). 
31. A. B. Kuklov, B. V. Svistunov, Phys. Rev. Lett., 90, 100401 (2003). 
32. M. Tylutki, A. Recati, F. Dalfovo, S. Stringari, New Journal of Physics, 18, 053014 (2016). 
33. Y. Nishida, Phys. Rev. Lett., 114, 115302 (2015). 
34. K. Maeda, G. Baym, T. Hatsuda, Phys. Rev. Lett., 103, 085301 (2009). 
35. P. M. Duarte, et al., Phys. Rev. A, 84, 061406 (2011). 
36. G. Modugno, et al., Science, 294, 1320 (2001). 
37. R. Pires, et al., Phys. Rev. Lett., 112, 250404 (2014). 
38. K. E. Strecker, G. B. Partridge, R. G. Hulet, Phys. Rev. Lett., 91, 080406 (2003).  
39. S. Falke, et al., Phys. Rev. A, 78, 012503 (2008). 
40. E. Tiemann, et al., Phys. Rev. A, 79, 042716 (2009).  
41. G. Zürn, et al., Phys. Rev. Lett., 110, 135301 (2013).  
42. S. Jochim, et al., Science 302, 2101 (2003). 
43. M. Bartenstein, et al., Phys. Rev. Lett., 92, 120401 (2004). 
44. G. B. Partridge, W. Li, R. I. Kamar, Y. Liao, R. G. Hulet, Science, 311, 503 (2006). 
45. K. Mølmer, Phys. Rev. Lett., 80, 1804 (1998). 
Acknowledgements  
We appreciate helpful discussions with H. Zhai. This work has been supported by the NSFC of China, 
the CAS, and the National Fundamental Research Program (under Grant No. 2013CB922001). X.-C. 
Y. acknowledges support from the Alexander von Humboldt Foundation. 
